SUMMARY
Plants coordinate their growth and development with the environment through integration of circadian clock and photosensory pathways. In Arabidopsis thaliana, rhythmic hypocotyl elongation in short days (SD) is enhanced at dawn by the basic-helix-loop-helix (bHLH) transcription factors PHYTOCHROME-INTERACTING FACTORS (PIFs) directly inducing expression of growth-related genes [1] [2] [3] [4] [5] [6] . PIFs accumulate progressively during the night and are targeted for degradation by active phytochromes in the light, when growth is reduced. Although PIF proteins are also detected during the day hours [7] [8] [9] [10] , their growth-promoting activity is inhibited through unknown mechanisms. Recently, the core clock components and transcriptional repressors PSEUDO-RESPONSE REGULATORS PRR9/7/5 [11, 12] , negative regulators of hypocotyl elongation [13, 14] , were described to associate to G boxes [15] , the DNA motifs recognized by the PIFs [16, 17] , suggesting that PRR and PIF function might converge antagonistically to regulate growth. Here we report that PRR9/7/5 and PIFs physically interact and bind to the same promoter region of pre-dawn-phased, growth-related genes, and we identify the transcription factor CDF5 [18, 19] as target of this interplay. In SD, CDF5 expression is sequentially repressed from morning to dusk by PRRs and induced pre-dawn by PIFs. Consequently, CDF5 accumulates specifically at dawn, when it induces cell elongation. Our findings provide a framework for recent TIMING OF CAB EXPRESSION 1 (TOC1/PRR1) data [5, 20] and reveal that the long described circadian morning-tomidnight waves of the PRR transcriptional repressors (PRR9, PRR7, PRR5, and TOC1) [21] jointly gate PIF activity to dawn to prevent overgrowth through sequential regulation of common PIF-PRR target genes such as CDF5.
RESULTS AND DISCUSSION
Genome-wide analysis of chromatin immunoprecipitation sequencing (ChIP-seq) data for the PHYTOCHROME-INTERACTING FACTOR (PIF) quartet (PIFq) (PIF1, PIF3, PIF4, and PIF5)-associated [16] and PSEUDO-RESPONSE REGULATOR 5 (PRR5)-, PRR7-, and/or PRR9-associated [15] loci revealed an overlap of 1,460 genes between PIF-bound genes (57.5% of all PIF-bound genes) and at least one of the three PRRs examined (''PIF-PRR genes'') ( Figure 1A , left; Data S1). The overlap between PIF-bound and PRR5-, PRR7-, or PRR9-bound genes, when examined individually or in combination, is shown in the middle panel of Figure 1A (Data S1). The distance between PRR and PIF binding sites indicates that PRRs and PIFs associate to the same genomic regions ( Figure 1A , right), in accordance with results showing enrichment of G-box-containing motifs in PRR-bound regions [15, 22] . We detected interaction of PIF3 and PIF4 with PRR5 (PIF4 in accordance with [20] ), PRR7, and PRR9 by yeast two-hybrid assays ( Figure S1A ). We further confirmed PIF3-PRR interaction in planta by bimolecular fluorescence complementation (BiFC) assays ( Figure 1B ). These data suggest that, similarly to recent findings for TIMING OF CAB EXPRESSION 1 (TOC1) and PIF3 and PIF4 [5, 20] , PIFs and PRRs may bind together at G boxes to co-regulate the expression of shared PIF-PRR target genes. Based on the described activity of PRRs as transcriptional repressors [11, 12, 20] , PIF-PRR interaction also agrees with the possibility that PRR5/7/9 might target PIFs to repress their ability to activate shared PIF-PRR target genes, as shown recently for TOC1 and PIFs [5, 20] .
Functional classification indicated that ''PIF-PRR'' genes are enriched in growth-related categories ( Figure S1B ) and are overrepresented at the elongation phases 18-23 specifically under short days (SD) (Figures 1C and S1C ; Data S1), suggesting that PIFs and PRRs jointly target genes involved in the induction of growth under SD conditions. We compared PRR-and PIF-bound genes with the recently defined PIF-and SD-induced (PIF/SD-induced) gene set of PIFq-regulated genes under SD containing dawn-phased and growth-related genes [4] . Strikingly, one gene (CDF5) was PIF/SD induced and bound by all PRRs and PIFs ( Figure 1D ; Data S1). Previous ChIP experiments showed binding of PRR5/7/9 and possibly TOC1 to this G-box/ PBE-containing region [15, 22, 24] (Figure 1E ; see legend for details). This region coincides with conserved noncoding sequences (CNSs) among crucifer regulatory regions ( Figure 1E ) [23] , suggesting that the binding sites on the CDF5 promoter have been subjected to selective constraint, consistent with functionality relevance.
We verified binding of PRR7, TOC1, PIF3, and PIF4 to the CDF5 promoter (pCDF5) region encompassing the G/PBE boxes at different times under SD conditions by time-course analysis using ChIP-qPCR (quantitative PCR). Statistically significant and robust PRR7 binding to pCDF5 was observed at ZT8 and ZT14 (ZT, zeitgeber time) and was substantially decreased at ZT24, whereas maximum of TOC1 binding was at ZT14 (Figure 2A) . For PIF3 and PIF4, tagged lines driven by the endogenous PIF3 promoter and 35S were used, respectively [25, 26] ( Figure S2A ). Statistically significant binding of PIF3 to pCDF5 was detected at ZT24, whereas significant PIF4 binding was detected in all three time points and incremented along the night (Figure 2A ). These binding dynamics are consistent with the pattern of accumulation of each protein in SD [5, 8, 27 ]. Together, these data are consistent with binding of the PIFs, PRRs, and TOC1 proteins in SD to the same region of the CDF5 promoter located approximately 1,000 bp upstream of the transcription start site (TSS) and with binding dictated by their protein abundance.
To examine how PIF and PRR7 interaction (Figures 1B and S1A) and binding to the CDF5 promoter ( Figure 2A ) affect CDF5 expression, we first tested CDF5 expression in pif and prr7 mutants under SD at ZT9, when PRR7 levels are maximum and PIFs start to accumulate [7, 8, 10, 27, 28] . CDF5 levels were upregulated in prr7 ( Figure 2B ), an effect strongly suppressed by [16] . Each corresponding WT-ChIP/input control is overlaid in dark gray. For PRR (purple), filled rectangles indicate the PRR9, PRR7, and PRR5 peaks defined by ChIP-seq in [15] . Empty rectangles indicate peaks only described by ChIP-qPCR, in [22] for PRR9 and in Figure 2A for TOC1. Conserved non-coding sequences (CNS; blue) are defined in [23] . For G and PBE box, vertical lines indicate motif positions. See also Figure S1 and Data S1.
the pif mutations in the prr7pif double mutants ( Figure 2B ), suggesting that PIFs and PRR7 regulate CDF5 expression antagonistically as transcriptional activator and repressor, respectively. Interestingly, because PIF3 transcript and protein levels are not affected in prr7 ( Figures 2C and 2D) ; together, these data suggest that, as described for TOC1 [5] , PRR7 acts directly as transcriptional repressor of PIF3 activity in the regulation of CDF5. In agreement, the prr7 long hypocotyl phenotype was also partially suppressed with genetic removal of PIF3 (Figure 2E ). However, because the detected binding of PIF3 to the CDF5 promoter at ZT8 or ZT14 was not statistically significant ( Figure 2A ), we cannot discard that the effect of PRRs on PIF3 might involve inhibition of PIF3 binding to the CDF5 promoter. Suppression of hypocotyl phenotype was also observed for prr7pif4 and prr7pif5 compared to prr7 ( Figure 2E ), which suggests that PRR7 directly represses PIF4 transcriptional activity, as previously shown for TOC1 and PIF4 [20] and might also repress PIF5. This scenario might be potentially more complex given that PIF4/5 transcription is regulated by the clock under SD [2] and that at least PIF4 transcript levels are slightly higher in prr7 ( Figure 2C ), in accordance with recent data showing PIF4 de-repression in prr multiple mutants [29] . However, the observation that CDF5 expression in overexpressing PIF4-HA lines at ZT8 was similar to pif4 ( Figure 2B ), a time point at which both PRR7 and PIF4 are co-bound to the pCDF5 (Figure 2A ), provides strong support that PRR7 directly suppresses PIF4 transcriptional activation activity toward CDF5.
We next examined the antagonistic PIF-PRR interaction in the direct regulation of CDF5 across the diurnal cycle. Under SD, phytochrome imposes oscillation of PIF3 and probably PIF1 proteins to progressively accumulate during the night and to degrade rapidly in the morning maintaining residual levels during the day [8, 9] . For PIF4 and possibly PIF5, clock and light regulation result in PIF accumulation also during daytime ( Figure 2C ) [7, 10] . In contrast, PRR accumulation is sequential (PRR9/7/5/ TOC1) from morning to midnight ( Figure 3A ) [21, 27] . We therefore expected CDF5 to oscillate with a peak in the early morning and at the end of the night (when the presence of the PIFs is at a maximum) and a trough from morning to midnight (when PRRs accumulate). Indeed, CDF5 in the wild-type (WT) was detected during the first part of the day (ZT0-ZT3), declined to almost undetectable levels through ZT15, and accumulated after ZT15 to peak at dawn ( Figure 3B ). Expression at dawn in pifq SD and in WT LL (continuous light; a free-running condition in which PIFs do not accumulate) [28] was lower than WT SD ( Figure 3B ), supporting the notion that transcript induction leading to the oscillatory pattern of CDF5 expression in SD depends on the presence of the PIFs ( Figure 3B ). Analysis of CDF5 levels in single pif and multiple pifq (defective in PIF1/3/4/5) mutants at ZT24 showed that the PIFq collectively induces CDF5 expression at dawn, with PIF1 having a lesser contribution ( Figure 3C ). CDF5 transcript levels dropped in the WT after 1 hr of morning light ( Figure 3B ), concurrent with phy-induced PIF degradation. In contrast, at ZT9, when CDF5 expression in the WT is almost non-detectable, CDF5 expression was significantly higher in prr5, prr7, prr79, prr59, and prr579, with a major contribution for PRR7 ( Figure S2B ). Compared to the WT, CDF5 expression was higher in prr7 from ZT3 through midnight ( Figure 3D ), whereas in prr59 and prr79 mutants, CDF5 expression was only slightly higher at dawn in prr59 and higher from dusk to dawn in prr79 ( Figure 3D ). In toc1, de-repression of CDF5 was early compared to the WT ( Figure S2C ), similar to other PIF-TOC1 co-targets [5] . Because cross-regulation was described in the PRRs [30] , with nuclear accumulation of TOC1 depending partly on PRR5, it is likely that TOC1 contributes to the phenotype of PRR5-deficient mutant backgrounds. We also characterized PRR5 and PRR7 expression in prr79 and prr59 double mutants, respectively. Levels of PRR5 and PRR7 were $1.5-fold higher in prr59 and prr79 compared to the WT, and PRR5 phase was delayed in prr79, indicative of intricate cross-regulatory pathways ( Figure S2D) . Significantly, CDF5 expression in the prr579 mutant from ZT3-ZT21 was almost linear (Figure 3D ), in accordance with the PRRs (with TOC1 possibly also contributing) being responsible for the repression of CDF5 expression from morning to midnight.
To further examine the PIF-PRR antagonistic interplay, we artificially induced PIF accumulation at the beginning of the night period when PRR levels are high ( Figure 3A) [27] by giving a farred light pulse (FRp) at ZT8 [5, 28] . As control, we used PIL1, a direct PIF target and marker gene for PIF abundance and activity [8] . PIL1 levels accumulated in the WT immediately after the FRp (Figure 3E ), in agreement with the rapid accumulation of PIF proteins after a FRp [9, 25, 31] , as well as with PRRs not interfering significantly with PIF activity in the regulation of PIL1 given that PIL1 is not a direct target of all PRRs [15] . In striking contrast, expression induction of the PIF-PRR target CDF5 was repressed in the WT during the first part of the night (ZT8-ZT16) after a FRp, similarly to the control (ÀFRp) samples ( Figure 3E ). Interestingly, this repression was much lower in prr5 and prr7 and was not observed in prr579. In toc1, early CDF5 expression compared to the WT ( Figures 3E and S2C ) was more evident in +FRp samples.
Although part of the effect seen in prr mutants might come from elevated PIF4/5 levels due to their transcriptional derepression ( Figure 2C ) [2, 29] , together these data support the conclusion that the PRR9/7/5 and TOC1 prevent the transcriptional activation of CDF5 by PIFs. Given the sequential pattern of expression of PRR9, PRR7, PRR5, and TOC1 ( Figure 3A ) [21] and the progressive accumulation of the PIFs along the night in SD conditions [8] , our results suggest that CDF5 is sequentially targeted by PRR9, PRR7, PRR5, and TOC1 to repress its expression from morning to midnight (when PRR and TOC1 levels are high), to gate PIF direct induction of CDF5 to dawn when the levels of PRRs and TOC1 are low and PIFs reach a peak in abundance. We propose that CDF5 might be a novel target of this PRR and PIF interplay in the promotion of hypocotyl elongation.
Our findings suggest a model in which the antagonistic regulation of CDF5 gene expression by PRRs and PIFs described above might underlie rhythmic growth under SD. In agreement, we observed correlation between the magnitude of hypocotyl length under our SD conditions and CDF5 levels in prr and pifq mutants ( Figures S3A and S3B) . To test this model genetically, we generated seedlings ectopically expressing CDF5 in a cdf5 mutant background (CDF5OX) ( Figure S3C ) and quantified the hypocotyl phenotype of WT, CDF5OX, and cdf5 lines under SD. cdf5 mutants were slightly shorter than WT SD-grown seedlings, whereas CDF5OX lines suppressed the cdf5 phenotype and showed a range from subtle to robustly elongated hypocotyls compared to the WT (Figures 4A). We analyzed the elongation rate of cdf5 and CDF5OX lines under SD compared to the WT ( Figure 4B ). As described, the growth rate of WT seedlings is highest during the second half of the night [2] . Elongation rate of cdf5 seedlings was similar to the WT during the day and first part of the night, but it was reduced during the last part of (E) Model of the proposed role of PRRs as repressors of PIF activity to regulate cell elongation through CDF5. PIFs bind to the CDF5 promoter and induce CDF5 transcription in the absence of PRRs. If PRRs are present, PRRs repress PIF transcriptional activity though direct PIF-PRR interaction. Based on current data, PRRs and PIFs could bind to the same or different nearby G boxes, or alternatively, PRRs could bind indirectly to G boxes through DNA-bound PIFs or other G box and PRR-binding factors. Sequential PRR9/7/5 and PRR1/TOC1 accumulation from morning to midnight gate PIF induction of CDF5 to dawn, when it induces hypocotyl cell elongation by upregulating growth-related genes like YUC8 or FLA9. See also Figures S3 and S4. the night, when CDF5 expression in the WT is maximum, consistent with their short phenotype. Interestingly, elongation rate of CDF5OX seedlings was constantly high during the day and most part of the night ( Figure 4B ). Together, our data suggest that transcriptional control of CDF5 expression by the PIFs and PRRs is a key regulatory mechanism in growth control.
Next, to genetically test the interplay between CDF5, PIFs and PRRs, we generated prr7cdf5, pifqcdf5, and pifqCDF5OX mutants ( Figure S3C ) to study their hypocotyl phenotypes. We observed that in SD, the quintuple pifqcdf5 mutant displayed a phenotype similar to pifq, indicating that the cdf5 mutation did not have an additive effect on pifq mutation ( Figure 4A ). This result agrees with PIFq and CDF5 acting in the same signaling pathway. Overexpression of CDF5 in the pifq background partially restored the pifq phenotype (Figures 4A), providing additional evidence that CDF5 contributes to growth downstream of the PIFs. Finally, comparison of prr7 with prr7cdf5 mutants showed that the long phenotype of prr7 under SD is reduced when CDF5 is removed in prr7cdf5 (Figures 4A), suggesting that exaggerated growth in prr7 is partially a consequence of having elevated levels of CDF5. Together, our results confirm our model in which PRRs and PIFs directly and antagonistically regulate CDF5 expression to precisely gate CDF5 growth-promoting activity to the end of the night.
We hypothesized that CDF5 might control the expression of growth-related genes at dawn downstream of PIFq. We selected a few PIF-regulated [4] , growth-related cell-wall [32] and SD growth-marker genes [6, 8] to test for their expression in cdf5 and CDF5OX lines. As shown in Figure 4C , PIL1 and XTR7 were not significantly affected in cdf5 or CDF5OX, and IAA19, YUCCA8, and three selected cell-wall-related genes (AGP4, PME, and FLA9) show significant downregulation in cdf5 (IAA19), upregulation in CDF5OX (PME and AGP4), or both (YUC8 and FLA9) compared to the WT. Interestingly, AGP4 and PME are not PIF-bound genes. These results suggest branching downstream of PIFq, with CDF5 regulating a subset of the PIFq-regulated growth-related genes, in accordance to the partial suppression of the pifq phenotype by CDF5OX shown above ( Figure 4A) . Examination of the hypocotyl cell size in SD-grown WT, cdf5, and CDF5OX seedlings by confocal microscopy imaging clearly showed elongated cells in CDF5OX hypocotyls compared to the WT, whereas cells in cdf5 appeared shorter ( Figure 4D, right) , which was confirmed by quantification of the hypocotyl cell length (Figure 4D, left) . Next, we tested prr7, which exhibited a longer cell phenotype partially suppressed by genetic removal of CDF5 in prr7cdf5 ( Figure 4D ). In contrast, cell length in pifq was shorter than WT, a phenotype that was partially recovered by CDF5OX (Figure 4D, left) . Together, these results support a role for CDF5 in the promotion of cell elongation under the inductive growth condition of SDs downstream of PRRs and PIFs.
Conclusions
Here we found that members of the PRR family of transcriptional repressors (PRR5, PRR7, and PRR9), with a key role in the regulation of the central circadian oscillator and clock output processes in plants [12] , target growth-related genes that are directly induced by the growth-promoting PIF transcription factors. Given the coincident DNA-binding specificity of PRRs and PIFs ( Figure 1A ) [15, 33] , the PIF-PRR physical interaction in the nucleus ( Figures 1B and S1A) , and their accumulation dynamics during SD photoperiods ( Figure 3A ) [2, 7, 8, 11, 21] , we propose a model in which successive binding of the PRR9, PRR7, and PRR5 to the G box elements of shared PIF and PRR target genes (like the growth-promoting CDF5) acts to sequentially repress transcription of the PIFinduced transcriptional network starting in the morning ( Figures  4E and S4 ). Given that PRR9/7/5 have not been shown to bind DNA directly, our results agree with the possibility that PIFs might bridge the binding of PRRs to DNA, although competition by direct binding of PRR to G boxes, or through a PRR-and G-box-binding factor different than PIFq, cannot be completely discarded based on our results. These findings define an expanded framework for previous results showing PRR1/ TOC1 repression of PIF transcriptional activity at midnight [5] . At dawn, PRRs and TOC1 are not present, PIF protein accumulation reaches a maximum, and elongation is promoted by PIF-induced expression of growth-promoting genes like CDF5 ( Figure 4E ). Collectively, our data reveal that gating of growth occurs not only at the post-dusk hours of the night as previously described for TOC1 [5] , but instead starts in the morning and covers all the day period until midnight through the sequential action of the PRR family of transcriptional repressors. The molecular mechanism described here could explain why growth rate under SD photoperiods is low [2] from morning to midnight in the presence of low PIF3 and PIF1 [9, 34] and considerable high amounts of PIF4 (and most likely PIF5) [7, 10] , a regulation critical for fitness by preventing overgrowth ( Figure 4A ). Our results reveal that gating of growth has evolved in plants to encompass the orchestrated sequential action of members of the PRR family (PRR9/7/5/1) of transcriptional repressors that peak in waves from morning to midnight. This function highlights the dual role of the PRR family of clock oscillator components, as regulators of central clock components and cycling outputs [11, 21, 35] , and as repressors of the physiological output of growth in combined regulation with light pathways that control accumulation of PIFs.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
The Arabidopsis thaliana (L.) accession Columbia (Col-0), C24, and mutants used here were obtained from the mentioned references or generated in this work (see Key Resources Table) .
METHOD DETAILS Seedling Growth and Hypocotyl and Cell Measurements
Arabidopsis thaliana seeds used in this manuscript include the previously described cdf5-1 [19] , toc1-101 [36] [41] , and the newly generated prr7-3pif3-1 (prr7pif3), prr7-3pif4-101 (prr7pif4), prr7-3pil6-1 (prr7pif5), prr7-3prr9-1 (prr79), prr5-1prr9-1 (prr59), prr5-1prr7-3prr9-1 (prr579), and prr7-3cdf5-1 (prr7cdf5) in Col-0 ecotype, and pTOC1::TOC1:YFP (TMG) [37] in C24 ecotype. CDF5OX lines were generated by cloning the CDF5 ORF under the regulation of the 35S promoter in the pH7FWG2 vector. The resulting 35S::CDF5-GFP construct was transformed into cdf5 to generate CDF5OX lines, and into pifq to generate pifqCDF5OX lines. Seeds were sterilized and plated on Murashige and Skoog medium without sucrose. Seedlings were stratified for 4d at 4C in darkness, and seedling growth was done in short days (8 hr light + 16 hr dark) or continuous white light (85 mmol$m-2$s-1) for the time indicated in each experiment. Hypocotyl measurements in Figures 2E and 4A and S3B were done using ImageJ (National Institutes of Health). Saturating FR pulses were 30 mmol$m-2$s-1 for 15min. Samples at ZT0 and ZT24 were collected in the dark, whereas at ZT8 were in the light. For hypocotyl growth rate measurements ( Figure 4B ), image acquisition was done using the ActiveWebCam software (http://www.pysoft.com) under infrared light background using modified webcams (Microsoft Life Cam Studio). Twelve seedlings were measured individually every 2 hr throughout the diurnal cycle, the difference in hypocotyl length between the two time points was calculated, and the elongation rate was expressed as mm/h. The mean and SE for the 12 seedlings are represented. Cell size was visualized in seedlings stained with propidium iodine (10 mg/mL) (Calbiochem) using a confocal laser microscope Leica SP5 (570 nm-666 nm). Cell length was measured in pictures taken with an optic microscope (AixoPhot DP70) ( Figure 4D) . 
